METAPHORS AND SIMILES are useful literary devices for describing and comprehending our world. Model organisms have been used over a century to understand basic, conserved biological processes. The study of these experimental systems began with genetics and development, moved into molecular and cellular biology, and most recently propelled into functional genomics and proteomics. The goal of this review is simple, to discuss the place of model organisms in "The Age of the Ome": the genome, the transcriptome, and the proteome. I hope to address the following questions. What exactly is a model organism? What characteristics make an excellent model system? Using the yeast Saccharomyces cerevisiae and the nematode Caenorhabditis elegans as examples, in this review I will discuss these issues with the aim of demonstrating how model organisms remain indispensable scientific tools for understanding complex biological pathways and human disease.
Complete genomic sequence provides an endless source of information for understanding the molecular make up of an organism. Sequencing projects have provided the scientific community with genetic codes ranging from bacteria to human. Complete, or nearly complete, genome sequence is known for an elite group of eukaryotic organisms, including three vertebrates: the yeasts S. cerevisiae (37) and Schizosaccharomyces pombe (101) , the nematode C. elegans (12) , the fruit fly Drosophila melanogaster (1), the human malaria parasite Plasmodium falciparum and mosquito carrier Anopheles gambiae (33, 45) , the mustard cress Arabidopsis thaliana (3), domestic rice Oryza sativa (36, 105) , the puffer fish Fugu rubripes (2) , the mouse Mus musculus (97) , and the human Homo sapiens (55, 95) . The knowledge of full genome sequence information is drastically changing experimental approaches and is rapidly shaping the future of scientific research. Sequence databases provide a starting point for data mining of genomic information, and there is a wealth of Internet resources available to link DNA sequence information with the study of model organisms ( Table 1) .
The number of predicted human genes is estimated to be between 26,000 and 40,000 (55, 95) , although this number is controversial (23) and considered to be an underestimate by some groups (24, 44, 102) . Analysis of the mouse genome indicates a similar number (97) . The genomes of the budding yeast S. cerevisiae and fission yeast S. pombe encode about 6,400 and 4,900 products, respectively (21) . C. elegans and Drosophila boast 20,000 and 14,000 predicted genes (21) . Are we really only two times more complicated than a worm? Unlikely. A single gene may encode multiple proteins, for example, by alternative splicing of its mRNA transcript or by alternative start or stop sites. The proteins encoded by our genome are often more complex, possessing multiple functional domains. Protein modifications (such as phosphorylation or glycosylation) and subcellular localization profoundly determine function. Understanding the function of an organism's DNA (genome), RNA (transcriptome), and protein (proteome) components requires a holistic approach. The study of a model organism, sometimes accused to be reductionist, is well suited for addressing this daunting task.
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What Is A Model Organism?
Origins: before genome vs. after genome. A model organism may have its experimental origins in one of two time periods: before or after the conception of the Human Genome Project (before genome, BG, or after genome, AG). BG models were developed to study classic and molecular genetics, development, and/or physiology. For example, the study of inheritance began in Drosophila in 1910 with T. H. Morgan's laboratory discovering a spontaneous mutant with white eye color. The classic eukaryotic BG models are S. cerevisiae (and "the other yeast," S. pombe), C. elegans, D. melanogaster, Danio rerio, and M. musculus. For brevity, this review will highlight S. cerevisiae and C. elegans. BG models are also fundamental tools in the AG world. The sequencing projects of bacteria, yeast, and, especially, the worm have provided the framework for other genome sequencing projects, including the Human Genome Project. The newly completed genome of the mouse, M. musculus, the mammalian model organism of choice for medical and behavioral research, will help decipher the human genome. The most useful model organisms are instrumental in both BG and AG scientific inquiry.
AG models are being selected largely based on their potential to contribute to improvements in human health research and to advance biomedical and industrial progress. An AG model may not be a useful experimental system in and of itself. To interpret the human genome, Sydney Brenner (also known for his role as founding father of the C. elegans field) initiated sequencing the genome of the puffer fish F. rubripes as a compact model vertebrate genome (2, 11; for review, see Ref. 94) . The genome sequencing and analysis of this AG model is informative in the study of DNA sequence features and comparative genomics. On the other hand, Fugu does not shed additional light on the biological functions of, and complex interactions between, genes. Nevertheless, the genomes of AG organisms are worth sequencing to fill in gaps in the evolutionary tree. Vertebrate genome sequencing and interspecies comparison is essential for comparative and evolutionary genomics.
The genomes of hundreds of microorganisms have been sequenced for human health and commercial purposes. The three major infectious diseases in humans (malaria, tuberculosis, and AIDS) are caused by intracellular pathogens whose entire genome sequence is available [P. falciparum (33) , Mycobacterium tuberculosis (20, 30) , and human immunodeficiency virus (67) , respectively]. Coupling genome information from the malaria parasite, vector, and host (the malaria parasite P. falciparum, the vector mosquito A. gambiae, and the human host, respectively) will allow for rational drug design and discovery as well as the development of insecticides and effective vaccines. While it is not feasible to employ this tripartite malaria system in the laboratory, Drosophila may be useful model in genetic studies of malaria parasite (75) and in comparative genomics for A. gambiae (18, 71, 73) .
Model organism characteristics: survival of the fittest meets symbiosis. With an estimated one million nematode species (8) , why is the free-living roundworm C. elegans commonly known in the scientific community as "The Worm"? To be an exemplary model organism, one must meet rigorous criteria yet possess unique traits ( Table 2) . First and foremost, it should be amenable to both forward (phenotype to gene) and reverse (gene to phenotype) genetic approaches (Fig. 1) . Classic forward genetic characteristics include the ability to determine dominance, complementation, and recombination. Reverse genetic tools to inactivate genes must be available. Other prerequisites for model organism consideration include a sequenced, or soon to be sequenced, genome and the ability to generate transgenic animals (or cells, in the case of yeast) by DNA transformation. These basic tools are essential to dissect and understand gene function.
A model organism must also be utilitarian. Practical qualities include a short generation time, small size, and both ease and reasonable cost of maintenance. For Table 1 . Online resources example, C. elegans has a 3-day generation time at 20°C, is 1 mm long, is easily maintained, and requires only Escherichia coli for sustenance ( Table 3 ). The frog Xenopus laevis is a superb animal to study embryonic vertebrate development (98) , yet its painfully slow 3-yr generation time rules out genetic analysis. For this reason, its precocious cousin X. tropicalis with a relatively shorter generation time (5 mo) is being developed as a complementary system to study developmental genetics (60a).
Other practicalities include a critical mass of researchers and strong resources (Table 3) . Drosophila is the most popular model organism, with about 1,500 fly laboratories. S. cerevisiae is the most cited, with over 50,000 references listed in PubMed (http:// www.ncbi.nlm.nih.gov/entrez/query.fcgi?db‫؍‬ PubMed). Resources available to the S. cerevisiae and C. elegans community are astounding: both have federally funded stock centers and genome-wide knockout projects, and S. cerevisiae has a genomewide yeast two-hybrid project. A great challenge is compiling data from both individual laboratories and large research projects. The model organism community has responded by establishing online databases "providing the research community with accurate, current, accessible information concerning the genetics, genomics and biology" of yeast, worms, flies, fish, and mice (Table 1 ; the preceding quote is from http://www.wormbase.org/about/about_WormBase. html).
Finally, an ideal model organism must possess unique characteristics that simplify analysis of the biological problem of interest. These special strengths often enable researchers to address fundamental questions in a new light and in a manner not possible in other systems. S. cerevisiae boasts the awesome power of yeast genetics. Drosophila claims sophisticated genetics, polytene chromosomes, and a wealth of information on developmental biology. A rapid generation time, limited number of cells, and hermaphroditism distinguish C. elegans. External fertilization and transparency makes the zebrafish a powerful vertebrate model. The mouse is a small animal for which to model the basis of mammalian development and human disease.
All model organisms have significant weaknesses as well (Table 3) . One major weakness of all genetically amenable model organisms is that for which they were selected: speed of development. Clearly all organisms do not share this trait, as exemplified by ourselves! The simplicity of yeast is also a drawback: unicellularity is not conducive to study complex developmental phenomena. Similarly, C. elegans does not have many specialized tissues. Both C. elegans and D. melanogaster are highly specialized organisms with genes that are often very divergent at the sequence level from mammalian homologs. Relative to the other nonmammalian BG models, D. rerio is in its infancy, and this is reflected in the short supply of available technologies and resources. Taking into account both the strengths and weakness of a specific animal illustrates why it is so critical to use multiple model systems and perhaps invest in developing genetic and genomic resources for models on the fringe and in exploring new models. Historically, it is clear that integrating the information gained from several model organisms has tremendous power.
The Yeasts S. cerevisiae and S. pombe
The budding yeast S. cerevisiae and the fission yeast S. pombe are single-celled fungi with distinct lifestyles and evolutionarily diverged genomes. However, they share many powerful molecular genetic tools and have a rapid generation time (doubling approximately every few hours), making them amenable to both classic genetics (31) and high-throughput genomic approaches (53) . S. cerevisiae was the first eukaryote to be transformed by plasmids (6) , to have targeted gene disruption via homologous recombination (74) , and to have a completely sequenced genome (37) .
As with any completed genome, the major challenge is to dissect the function of the 6,400 and 4,900 genes in S. cerevisiae and S. pombe, respectively, 30% of which have completely unknown function (Table 4) . How is function ascertained? There are a few basic approaches used in any model organism but most advanced in S. cerevisiae: turn the gene off (knockout) or on (overexpression), determine gene expression pattern and protein subcellular localization, identify interacting proteins, and analyze enzymatic function. Genomics is concerned with the former three and proteomics, the latter. The endurance and relevance of model organisms in the Ome Age is perhaps best exemplified by the Fig. 1 . Flow of information in reverse and forward genetics approaches. Forward genetics refers to identifying genes based on mutant phenotype followed by positional cloning of mutated genes (phenotype to genotype). Reverse genetics refers to the functional analysis of a gene of known molecular identity (genotype to phenotype).
prosperous marriage of genetics, genomics, and proteomics in S. cerevisiae.
Genetics. Classic or forward genetics moves from function (as determined by mutation) to gene identification. Conversely, both reverse genetics and highthroughput genomics progresses from gene to function. The 2001 Nobel Prize in Physiology or Medicine was awarded to three biologists who defined the molecular basis of cell division. Leland Hartwell identified celldivision-cycle (CDC) genes in S. cerevisiae (42) while Paul Nurse isolated similar genes in S. pombe (61) . Later, Nurse demonstrated evolutionary conservation of cell cycle regulators by identifying a human CDK (cyclin-dependent kinase). Using biochemical approaches in sea urchin and Xenopus oocytes, Timothy Hunt discovered cyclins, proteins that regulate CDK function. This pioneering work done in the 1970s and 1980s gave rise to and paved the way for the cell cycle field (62) . Amazingly, the draft human genome sequence (55, 95) provided only a few new cyclins and no new CDKs, indicating that classic experimentation in yeast had identified nearly all cell cycle regulators (60) .
Genomics and proteomics: the yeast paradigm for high-throughput approaches. To determine the function of all the yeast gene products, the Saccharomyces Genome Deletion Project has deleted ϳ6,200 genes whose open reading frames (ORFs) encode at least 100 amino acids from start to stop (100). Each deletion (52) surveyed ϳ40% of the S. cerevisiae genome and identified 137 overlooked genes in S. cerevisiae using a combination of random transposon insertion and gene trapping, microarraybased expression analysis, and genome-wide homology comparisons. Comparison of the S. cerevisiae genome with sequence data from other fungi will be useful in homology searches (63, 106) . From this lesson learned from yeast, it is clear that reevaluating and reannotating a genome using a variety of complementary techniques is a necessity.
Gene expression may be used to correlate or infer function. S. cerevisiae DNA microarrays have been used to investigate differential gene expression in various cellular events, including metabolism (25), cell cycle (16, 79) , meiosis (19, 68) , transcriptional regulation (9), DNA damage (7, 49) , and DNA replication (48, 70) . In a genomic/proteomic hybrid approach, DNA microarrays have also been employed for study of protein-DNA interactions. For example, transcription-factor and origin of replication binding sites have been identified using this approach (48, 103) . DNA microarrays are useful in any organism, and technological advances made using yeast will assist similar studies of the human genome.
Protein-protein interactions have been studied via two high-throughput detection methods: yeast twohybrid systems (47, 90, 93) and protein complex purification using mass spectrometry (34, 43) . The yeast two-hybrid system detects protein-protein interactions via transcriptional activation of a reporter gene by two fusion proteins: one fused to a DNA binding domain and the other to an activation domain (28) . The twohybrid system has been used in individual assays and in systematic arrays. Although arrays have been exploited to look at protein family interactions of yeast, C. elegans, and Drosophila, large-scale, genome-wide two-hybrid arrays have only been performed in yeast (for review, see Ref. 92) . Large-scale studies of protein complexes, typically composed of three or more components, have also been executed in yeast (for review, see Ref. 54) . As with any high-throughput method, demonstration of physiological relevance of these interactions is strengthened by independent and complementary methods (96) and ultimately proceeds more slowly in a case-by-case basis.
Protein localization within a cell often correlates with and indicates function. Subcellular localization is typically determined by a reporter such as lacZ or green fluorescent protein (GFP) or epitope tag. Kumar et al. (51) performed a yeast proteome-wide analysis of protein localization using a combination of directed epitope-tagging of PCR amplified ORFs and random tagging by transposon mutagenesis. Subcellular localization of 2,744 proteins, of which 1,000 had previously unknown function, was determined and cataloged in a searchable database available at the Yale Genome Analysis Center home page at http://ygac.med. yale.edu.
Biochemical protein activity has also been systematically accessed in the S. cerevisiae proteome (108). 5,800 ORFs were cloned and overexpressed. The resulting tagged proteins were purified, printed onto microarrays, and assayed for ability to interact with a protein (calmodulin) or phospholipids. In theory, these proteome chips can be screened for interactions with individual proteins, drugs, and lipids as well as for enzymatic function.
The Nematode C. elegans
The future of molecular biology lies in the extension of research to other areas of biology, notably development and the nervous system-Sydney Brenner, 1963 Brenner chose C. elegans because of its rapid life cycle, fecundity, genetic tractability, and simple cellular complexity of only ϳ1,000 cells. The first five years of his research focused on genetics of C. elegans, resulting in isolation and characterization of ϳ100 genes by methanesulfonic acid, ethyl ester (EMS) mutagenesis and screening for visible phenotypes (10) . In the next decade, John Sulston, Bob Horvitz, and colleagues proceeded to observe and describe the complete lineage, from fertilized egg to adult, of both male and hermaphrodite, detailed in a heroic series of papers (81) (82) (83) (84) . Determination of "The Mind of the Worm" with the entire reconstruction of the hermaphrodite nervous system, an equally ambitious undertaking, was published in 1986 (99) . Reconstruction of the male nervous system is in progress (Scott Emmons and David Hall, personal communication). With knowledge of the entire cell lineage in hand, cellular function can be determined by selective cell ablation with a laser microbeam (85) . The cellular basis of numerous developmental and behavioral processes has been ascertained using this approach. The powerful classic, reverse, and molecular genetic tools in C. elegans have enabled the study of basic biological problems at the cellular, genetic, molecular, and biochemical levels (50, 80) . C. elegans has proven extremely useful for defining pathways of gene action, for identification of new proteins involved in a particular pathway, and for modeling the molecular mechanisms of human disease. For his work on the molecular genetic basis of programmed cell death, Bob Horvitz shared the 2002 Nobel Prize in Medicine or Physiology with Brenner and Sulston for their pioneering accomplishments in C. elegans.
The C. elegans genome was the first multicellular organism to be completely sequenced, an effort spearheaded by John Sulston, Robert Waterston, and Alan Coulson (12) . About 50% of C. elegans genes are novel and do not share similarity to genes of organisms outside the Nematoda phylum. As many nematodes are plant or animal parasites, these nematode-specific genes represent excellent drug targets for prevention and treatment of nematode pathogens. Another 43% of C. elegans genes have human homologs, including numerous disease genes (22) . C. elegans may be an effective organism for studying basic molecular genetic mechanisms underlying human disorders. Autosomal dominant polycystic kidney disease (ADPKD) affects 1 in 1,000 individuals, with mutation in either of two loci, PKD1 or PKD2, accounting for greater than 95% of all cases (78) . lov-1 and pkd-2 are the C. elegans homologs of PKD1 and PKD2 (4, 5) . LOV-1 and PKD-2 localize to male-specific sensory cilia and are required for the male mating behaviors. Stunningly, the PKD gene products may serve an evolutionarily conserved function in cilia. Most recently, mammalian polycystins 1 and 2 (encoded by PKD1 and PKD2) have been demonstrated to localize to primary kidney cilia (65, 104) and PKD2 was implicated in function of nodal cilia (required for left/right axis determination) (65, 66) . Integrating information obtained from animal models as diverse as worms and mice into testable hypotheses regarding polycystin function provides an exquisite example of the power of model organisms to unravel complex biological pathways.
Forward and reverse genetics in C. elegans. Forward genetics identifies genes required for a particular biological function (50) . Animals are mutagenized and progeny are screened for a visible mutant phenotype. Conversely, a reverse genetics approach moves from known gene sequence to gene function using a battery of techniques to determine cellular, molecular, and physiological roles (Fig. 1) . Each has distinct advantages and disadvantages. With forward genetics, positional cloning of the mutated gene is often time-consuming and the rate-limiting step. On the other hand, when starting with a phenotype of interest, gene function and pathways may be ascertained without bias. In a reverse genetics approach, the molecular identity of the gene is already known. However, knocking out or knocking down gene function does not guarantee a mutant phenotype. Redundant genes or subtle mutant defects may be overlooked.
To understand the biological function of a gene, one needs to know the site and timing of gene action (spatial and temporal expression) and the phenotypic consequences of altering or removing the gene. Two techniques developed to study gene expression and function in C. elegans have revolutionized biology: RNA interference (RNAi) to knock down gene function (29) and GFP as an expression marker (15) .
RNAi. In C. elegans, lack of methodologies for knocking out gene function via homologous recombination, a common tool employed by a yeast geneticist, presented a huge obstacle. In response to this shortcoming, Fire and Mello (29, 88, 89) developed double-stranded RNA (dsRNA)-dependent posttranscriptional gene silencing, or RNAi. This technology revolutionized the C. elegans field, as illustrated by genome-wide RNAi screens (27, 32, 57) , and extends its power to a variety of organisms, ranging from Trypanosoma brucei (76) to mammals, most recently human cells (56, 59, 64) . Excellent recent reviews about RNAi are available and will not be repeated here (40, 41, 87) .
dsRNA may be experimentally introduced to C. elegans in several ways: by direct injection into the hermaphrodite germ line, by soaking in dsRNA (58) , by ingestion of bacteria engineered to produce dsRNA (88, 89) , or by generating heritable inverted repeat (IR) genes (86) . The advantages of the transgenic IR RNAi method include the inactivation of genes that act in the nervous system (a tissue that is typically resistant to RNAi), the generation of a large number of RNAi mutants, and the production of easily maintained transgenic RNAi strains. A major drawback of transgenic IR RNAi is that it is not a technique easily amenable to high-throughput screening.
Genome-wide RNAi screens have been executed using injected, soaked, or ingested dsRNA. Injected RNAi of genes on chromosome III coupled with differential interference contrast and dissecting microscopy revealed a cell division function for 13% of over 2,200 ORFs in total (38) . RNAi feeding libraries that inactivate most of the annotated C. elegans genes on chromosomes I and II (32, 57) are available for a small fee and have been used to identify genes required for fertility, embryonic and postembryonic development, movement, and longevity (26, 32, 57) . It is only a matter of time until RNAi libraries exist for all six chromosomes and RNAi phenotypes are cataloged for all annotated C. elegans genes. It is also very likely that the first completed functional genome of a multicellular organism will be that of The Worm.
Gene expression analysis in C. elegans. Two main approaches are employed to examine C. elegans gene expression patterns: reporter gene constructs and microarrays. Use of GFP as a fluorescent reporter for gene expression or subcellular protein localization has become standard, proceeds on a gene-by-gene basis, and relies largely on the cell identification ability of the microscopist. Hence, this approach is not easily upscaled, and efforts are being made to compile and make available expression data. In contrast, microarray technology now enables C. elegans researchers to investigate and model complexity. Creative uses of C. elegans microarrays have provided new approaches for tissue-specific gene profiling, for examining genome organization, and for exploring global changes in gene expression (for review, see Ref. 72) .
A WORM'S TOUCH. An excellent example of comprehensive of techniques available in C. elegans to dissect the molecular basis of behavior comes from the work of Marty Chalfie and colleagues (13, 14, 39) . Chalfie initiated his studies on touch sensitivity, or mechanosensation, by laser ablation of microtubule cells and assaying behavioral responses of operated animals. Animals lacking touch cells fail to respond to gentle body touch (13, 14) . Taking a forward genetics approach and looking for mutants defective in mechanosensation (or Mec), they identified genes required for touch receptor development, differentiation, and function (for review, see Ref. 27) . Cloning of the genes required for touch cell function revealed an evolutionarily conserved mechanosensitive channel (for review, see Ref. 35) . MEC channel activity was demonstrated in Xenopus oocytes (39) . Most recently, cDNA microarrays were used to study gene expression profiles for C. elegans touch receptor neurons. This functional genomics approach successfully identified new mec genes that were not identified in conventional genetic screens as well as providing candidates for uncloned previously identified mec genes (107) .
Summary
This article has discussed the use of model organisms and the current technologies to dissect gene function at both individual and genome-wide levels. Gene annotation and assigning meaning and function to genome sequence remains a challenge. Every genetic model system has a greater number of genes than mutants, making high-throughput methods for generating knockouts a necessity. Adapting the genomewide "bar-coded" approach in S. cerevisiae or RNAi screens in C. elegans to other organisms is highly promising.
There is more to life than a DNA sequence. Development of genomic and genetic resources for other model systems is a worthy endeavor. Sound investments in the model organism portfolio might include well-established developmental systems such as the ascidian Ciona, the frogs X. laevis and X. tropicalis, Gallus gallus (chicken), and Rattus norvegicus (rat), cell biological models including Strongylocentrotus purpuratus (sea urchin) and Chlamydomonas reinhartii (a unicellular alga), animal parasites such as P. falciparum (malaria), and the crop plant Zea mays (maize).
How to interpret sequence information to understanding of gene and protein function and pathways, cellular function, physiology, and the generation of an organism will keep modern scientists busy for quite a while. Simply identifying genes in the 3,000-Mb human genome is limited by current gene prediction methods and remains a major challenge. Many human genes have homologs in model organisms as simple as bacteria or single-celled eukaryotes, suggesting a conserved function. However, the role of most predicted genes remains unknown. Gene functions will be revealed through the powerful molecular genetic tools available in model organism coupled with emerging high-throughput technologies. Gene identification will be aided by comparative genomics with a smaller and less complex genome. Model organisms will expedite gene annotation and serve as a beacon for understanding how genes specify an organism and how gene perturbations may lead to human disease.
I am especially grateful to Dr. David R. Sherwood and the two anonymous reviewers for comments on this manuscript. I also thank the members of my laboratory for ongoing useful discussions. Work in my laboratory is supported by grants from the National Institutes of Health, the PKD Foundation, and the American Heart Association. 
INVITED REVIEW

Physiol Genomics
